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10 ABSTRACT: A detailed reaction mechanism is proposed for the hydrolysis of the
11 phosphoanhydride bonds in adenosine triphosphate (ATP) in the presence of the
12 binuclear ZrIV-substituted Keggin type polyoxometalate (Et2NH2)8[{α-PW11O39Zr(μ-
13 OH)(H2O)}2]·7H2O (ZrK 2:2). The full reaction mechanism of ATP hydrolysis in
14 the presence of ZrK 2:2 at pD 6.4 was elucidated by a combination of 31P, 31P DOSY,
15 and 31P EXSY NMR spectroscopy, demonstrating the potential of these techniques
16 for the analysis of complex reaction mixtures involving polyoxometalates (POMs).
17 Two possible parallel reaction pathways were proposed on the basis of the observed
18 reaction intermediates and final products. The 1D 31P and 31P DOSY spectra of a
19 mixture of 20.0 mM ATP and 3.0 mM ZrK 2:2 at pD 6.4, measured immediately after
20 sample preparation, evidenced the formation of two types of complexes, I1A and I1B,
21 representing different binding modes between ATP and the ZrIV-substituted Keggin
22 type polyoxometalate (ZrK). Analysis of the NMR data shows that at pD 6.4 and 50
23 °C ATP hydrolysis in the presence of ZrK proceeds in a stepwise fashion. During the course of the hydrolytic reaction various
24 products, including adenosine diphosphate (ADP), adenosine monophosphate (AMP), pyrophosphate (PP), and phosphate (P),
25 were detected. In addition, intermediate species representing the complexes ADP/ZrK (I2) and PP/ZrK (I5) were identified and
26 the potential formation of two other intermediates, AMP/ZrK (I3) and P/ZrK (I4), was demonstrated. 31P EXSY NMR spectra
27 evidenced slow exchange between ATP and I1A, ADP and I2, and PP and I5, thus confirming the proposed reaction pathways.
28 ■ INTRODUCTION
f1 29 Adenosine triphosphate (ATP, Figure 1) plays an important
30 role in energy transformation in all living organisms, as it is the
31 center for chemical energy storage through its triphosphate
32 chain.1−3 The hydrolysis of ATP to adenosine diphosphate
33 (ADP, Figure 1) and phosphate (P, Figure 1) is associated with
34 release of energy, which is an important driving force for
35 metabolic processes in living cells.4 For example, protein
36 degradation in animal and bacterial cells is dependent upon
37 ATP, and ATP hydrolysis is required for the degradation of
38 proteins to acid-soluble products. Moreover, ATP consumption
39 may promote the release of the polypeptide product from the
40 enzyme and, alternatively, ATP hydrolysis may permit the
41 translocation of the enzyme along the substrate to the next
42 cleavage site.5 In addition, ATP hydrolysis via highly efficient
43 metalloenzymatic ATPases also plays a central role in a variety
44 of processes including photosynthesis phosphorylation, oxida-
45 tive phosphorylation, and muscle action.6
46 Uncatalyzed ATP hydrolysis in aqueous solution is a slow
47 process with a half-life between 10 and 100 days in the pH
48 range 1−12 at room temperature.7 However, the rate of ATP
49 hydrolysis is increased by a factor of 1011 via enzymatic catalysis
50and a factor of 10−100 in the presence of metal ions.7 As a
51result, natural phosphatase enzymes play an important role in
52various biotechnology applications. For example, alkaline
53phosphatases isolated from mammals are used to hydrolyze
54or transphosphorylate numerous phosphate compounds in
55vitro.8 Alkaline phosphatases isolated from mouse intestine are
56able to catalyze the synthesis of inorganic pyrophosphate from
57inorganic phosphate during the hydrolysis of glucose 6-
58phosphate, ATP, ADP, or p-nitrophenyl phosphate.9 Unfortu-
59nately natural phosphatases with high purity are not easy to
60obtain, and the enzymatic properties of these enzymes are
61affected by activators and inhibitors such as amino acids and
62metal ions in varying concentrations.10
63Alternatively, due to their selectivity and efficiency, artificial
64phosphatases can be used for the hydrolysis of substrate
65phosphoester bonds.11−13 Such compounds can be synthesized
66in large amounts, and their structures can be tuned and
67designed depending on the specific purpose.14,15 Moreover,
68their use may help in understanding the precise role that active
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69 metal ions play in natural phosphatases.11 Several studies
70 demonstrated the important role of metal ions as well as their
71 complexes in ATP hydrolysis. For example, in the presence of
72 Cu2+,16 VO2
+ and VO2+ and oxidants,7 and the CoIII complex17
73 [tn2Co
III(OH2)2] (tn = trimethylenediamine) the rate of ATP
74 hydrolysis increases up to factors of 530, 104, and 105,
75 respectively, in comparison with pure ATP hydrolysis. The
76 increase in ATP hydrolysis reaction rate in the presence of
77 metal centers can be explained by various factors, including an
78 increase in the reactivity of the phosphorus centers toward the
79 incoming nucleophile due to the electron-withdrawing
80 character of the metal centers, activation and/or delivery of
81 the nucleophile, and/or stability of the pentacoordination
82 transition state and the leaving group.17−19
83 Recent studies in our group demonstrated unprecedented
84 phosphoesterase activity of several metal-substituted polyox-
85 ometalates (POMs).15,20−22 POMs are a large class of inorganic
86 oxo clusters that contain early transition metals such as V, Nb,
87 Ta, Mo, and W in their highest oxidation state. They have
88 promising applications in different research domains, including
89 medicine,23 materials science,24,25 and catalysis.26,27 Part of
90 their structure can be removed, resulting in lacunary POM
91 structures that can act as ligands for various metal ions, such as
92 Zn2+, Co2+, and Cu2+,28 which are also found in metal-
93 loenzymes. We have previously shown that a number of ZrIV-
94 substituted POM complexes can act as artificial phosphoses-
95 terases.15,21,22 ZrIV is an ideal active center due to its high Lewis
96 acidity and oxophilic properties, which facilitate both the
97 coordination/activation of the substrate/nucleophile and the
98 hydrolysis of the phosphoester bond(s). Among ZrIV-
99 substituted POMs, the mononuclear ZrIV-substituted Wells−
100 Dawson type POM K15H[Zr(α2-P2W17O61)2]·25H2O was
101 demonstrated to be able to catalytically enhance the hydrolysis
102 rate of the DNA model compound 4-nitrophenyl phosphate
103 (NPP) by nearly 2 orders of magnitude.15 In our previous study
104 we also found that the binuclear ZrIV-substituted Keggin type
105 POM (Et2NH2)8[{α-PW11O39Zr(μ-OH)(H2O)}2]·7H2O (ZrK
f2 106 2:2, Figure 2A) efficiently promoted hydrolysis of the extremely
107 stable DNA model substrate bis-4-nitrophenyl phosphate
108 (BNPP) with a 320-fold rate enhancement21 and the RNA
109 model substrate 2-hydroxypropyl-4-nitrophenyl phosphate
110(HPNP) with a 530-fold rate enhancement29 in comparison
111to spontaneous hydrolysis.
112On the one hand, the aim of the present study is to further
113explore the reactivity of ZrK 2:2 toward the hydrolysis of
114phosphoanhydride bonds in the biologically relevant substrate
115ATP, which has a more complex structure in comparison with
116previously investigated model DNA substrates (NPP, BNPP).
117On the other hand, this study aims at fully elucidating the
118mechanism of this hydrolytic reaction at a molecular level.21,22
119For this purpose we used a combination of 31P, 31P DOSY, and
120
31P EXSY NMR spectroscopy to monitor the interaction
121between the POM and the substrate as well as to identify all
122intermediates formed during the course of the ATP hydrolytic
123reaction. Diffusion ordered NMR spectroscopy (DOSY) is a
124powerful technique to study both the presence of the different
125compounds during the course of complex reactions and
126interactions at the molecular and supramolecular level. DOSY
127spectra are two-dimensional maps correlating chemical shifts of
128the signals along the horizontal dimension and the translational
129diffusion coefficients of the corresponding species along the
130vertical dimension. Since the diffusion coefficient reflects the
131size of the species, different species in complex reaction
132mixtures can be clearly distinguished on the basis of their
133diffusion properties, even if their signals overlap along the
134chemical shift dimension due to their structural similarity.
135Recently, our research group has successfully applied 1H and
136
31P DOSY for the detailed characterization of nanosized
137organic−inorganic POM-based hybrids30 and for the study of
138different POM species present in aqueous solution.22,31 31P
139exchange spectroscopy (EXSY) was applied to reveal the
Figure 1. Structures of adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), triphosphate (PPP),
pyrophosphate (PP), and phosphate (P).
Figure 2. Structures of ZrK 2:2 (A), ZrK 1:2 (B), and ZrK 1:1 (C).
The WO6 groups are represented by blue octahedra, while the internal
PO4 groups are represented by orange tetrahedra. Zr
IV, H2O
molecules, and OH groups are represented by violet, red, and dark
red balls, respectively.
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140 reaction pathways and to gain additional information on the
141 slow dynamic equilibrium between the reaction products and
142 their complexes with the POM. In addition, several comparative
143 experiments were performed to evidence the interaction
144 between ZrK 2:2 and ADP, AMP, P, and PP (Figure 1)
145 formed during ATP hydrolysis. This integrated approach
146 enabled us to propose a detailed reaction mechanism of ATP
147 hydrolysis in the presence of ZrK 2:2.
148 ■ RESULTS AND DISCUSSION
149 Interaction between ATP and ZrK 2:2. The aqueous
150 solution speciation of ZrK 2:2 under the reaction conditions
151 used in this study (pD 6.4 and 50 °C) was described in detail in
152 our previous studies and will be only briefly presented here for
153 the purpose of the following discussions.21,22 Depending on the
154 reaction conditions such as pD, concentration, temperature,
155 and ionic strength, ZrK 2:2 can convert into the less active
156 species [Zr(PW11O39)2]
10− (ZrK 1:2, Figure 2B) and/or the
157 more active monomeric Keggin POM species [α-PW11O39Zr-
158 (μ-OH)(H2O)]
4− (ZrK 1:1, Figure 2C).21,22 ZrK 1:1 is
159 concluded to be more catalytically active in comparison to
160 ZrK 2:2, as its ZrIV ion has more coordinated water molecules
161 that can be replaced by the substrate or that can act as a
162 nucleophile. Static DFT calculations showed that, depending
163 on pH conditions, the two most stable forms of this monomeric
164 species are the trihydrated form [α-PW11O39Zr(H2O)3]
3− and
165 the hydroxomonohydrated form [α-PW11O39Zr(μ-OH)-
166 (H2O)]
4−.32
167 More importantly, in a recent study we have demonstrated
168 that a monomeric Keggin POM species (ZrK 1:1) is present in
169 an aqueous solution of ZrK 2:2 at nearly neutral pD and is
170 responsible for the hydrolysis of the phosphoester bond in
171 BNPP22 and HPNP.29 Theoretical studies showed that, when
172 ZrK 1:1 interacts with NPP or BNPP, it forms monodentate
173 complexes which are more stable than the corresponding
174 bidentate complexes.22 ZrK 1:2 is considered to be less active in
175 comparison to ZrK 2:2 since its Zr atom is coordinatively
176 saturated and hardly accessible for the bulky ATP ligand, as it is
177 sandwiched by the two Keggin moieties. Following our
178 previous findings,21,22 we consider that the catalytically active
179 POM species responsible for ATP hydrolysis is the monomeric
180 ZrK 1:1 form, which will be abbreviated as ZrK for simplicity.
181 With the aim of investigating the interaction between ATP
182 and ZrK 2:2, a mixture of 20.0 mM ATP and 3.0 mM ZrK 2:2
183 at pD 6.4 was incubated at 50 °C. The interaction between
184 ATP and ZrK was evidenced by the characteristic changes
185 observed in 1H and 31P NMR spectra measured at different
186 time intervals (Figures S1 and S2 in the Supporting
187 Information, respectively). 1H NMR spectra showed broad
188 overlapping signals of the various species present in the
189 reaction mixture during the course of the ATP hydrolysis and
190 were therefore not useful for a detailed analysis of the reaction
191 mechanism. 31P NMR spectra, however, were much more
192 suitable for this purpose, due to the distinct difference in
193 chemical shifts of the signals. In order to ensure a good signal-
194 to-noise ratio for all signals in 31P spectra, the concentration of
195 ATP was 7 times higher than the concentration of ZrK 2:2.
196 Some representative spectra demonstrating the changes in the
f3 197
31P spectra of the reaction mixture are shown in Figure 3.
198 The general reaction mechanism of ATP hydrolysis in the
199 presence of ZrK 2:2 and the expected reaction products and
s1 200 intermediates is presented in Scheme 1. The proposed reaction
201 mechanism is based on careful analysis and full assignment of
202all signals that appeared and disappeared in 31P spectra during
203the course of the reaction (Figure S2 in the Supporting
204Information and Figure 3). We suggest that the reaction can
205proceed via two parallel pathways, in which the first step is the
206formation of the two ATP/ZrK complexes I1A (pathway A)
207and I1B (pathway B).33 These two ATP/ZrK complexes result
208from two possible binding modes between ATP and POM. In
209complex I1A the POM interacts with the terminal phosphate
210group Pγ of ATP, while in complex I1B the POM binds to the
211intermediate phosphate group Pβ. We suggest that the
212interaction of the POM and the first phosphate group Pα is
213not favorable due to the steric repulsion between the bulky
214POM and the adenosine residue attached to Pα. If the reaction
215proceeds via pathway A, ATP will be first hydrolyzed to P and
216ADP, which then can subsequently interact with the POM,
217forming intermediate I2. In the next step ADP will be further
218hydrolyzed to AMP and a second P. In contrast, in pathway B,
219ATP will be hydrolyzed first to AMP and PP. The formation of
Figure 3. 31P NMR spectra of the hydrolysis reaction: (a) 3.0 mM ZrK
2:2; (b) 20.0 mM ATP; (c−g) 20.0 mM ATP in the presence of 3.0
mM ZrK 2:2 at pD 6.4 measured (c) after pD adjustment and after (d)
3 days, (e) 20 days, (f) 27 days, and (g) 54 days at 50 °C. Conditions:
600 MHz, D2O, 298 K, NS = 128.
Scheme 1. General Hydrolytic Pattern of ATP in the
Presence of ZrK 2:2
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220 complexes AMP/ZrK (I3), P/ZrK (I4), and PP/ZrK (I5) was
221 also expected.
222 Analysis and Signal Assignment of 31P Spectra in
223 Support of the Proposed Reaction Mechanism. Figure 3b
224 shows that the 31P spectrum of a solution of pure ATP at pD
225 6.4 is characterized by resonances at −9.32 ppm for Pγ, −10.51
226 ppm for Pα, and −22.08 ppm for Pβ. Comparison of the 31P
227 spectra of pure ATP and an ATP/POM mixture measured
228 immediately after pD adjustment without heating (Figure 3c)
229 shows that in the presence of POM small changes in the
230 chemical shifts of all ATP signals (δ −9.23, 10.53, and −22.13
231 ppm) and a noticeable broadening of the line width of all
232 signals of the free ATP substrate occurs. This broadening
233 (11.97 Hz) is most pronounced for the signal of the terminal
234 phosphate group Pγ. In addition, the appearance of a second set
235 of signals was observed immediately after sample preparation at
236 −9.64, −12.00, and −17.99 ppm, which were assigned to the
237 complex I1A between ATP and POM. We suggest that the
238 complex I1A between the POM and the terminal phosphate
239 group Pγ of the ATP is more stable in comparison to the
240 complex I1B between the POM and the phosphate group Pβ in
241 the middle of the phosphate chain of the ATP, which may
242 increase the negative charge on Pβ in the transition state
33 and
243 is sterically more hindered. This is why we assume that ATP
244 hydrolysis proceeds mainly through reaction pathway A. The
245
31P spectra (Figure 3 and Figure S2 in the Supporting
246 Information) show that, during the course of the reaction,
247 the percentage of ATP as well as I1A decreased significantly
248 and the signal of ATP disappeared after 11 days, while the
249 signal of I1A disappeared completely after 20 days.
250 Figure 3a shows that after pD adjustment ZrK 2:2 (δ −12.89
251 ppm) partially converts into a small amount of ZrK 1:2 (δ
252 −13.98 and −14.04 ppm).21 In the presence of 20.0 mM ATP
253 at pD 6.4 the signal of ZrK 2:2 completely shifted to −13.5
254 ppm.21 This change in chemical shift of the POM could be a
255result of the binding to the ATP. Since a high excess of the ATP
256was used, all POM should be bound to the substrate. Therefore,
257we proposed that the new peak at −13.5 ppm is the peak of the
258phosphorus atom from the ZrK bound to ATP in the ATP/ZrK
259complex (I1A and I1B).
260With the aim of confirming the presence of I1A and I1B, we
261measured the 31P DOSY NMR spectrum of the reaction
262 f4mixture after sample preparation (Figure 4A). The spectrum
263shows that there are three main species with different diffusion
264coefficients. The faster-diffusing species (δ −9.23, −10.53, and
265−22.13 ppm) with a diffusion coefficient of 4.37 × 10−10 m2 s−1
266was assigned to the free unreacted ATP. The diffusion
267coefficient of the species with a 31P chemical shift of −13.5
268ppm was determined to be 2.69 × 10−10 m2 s−1. The diffusion
269coefficient measured from the DOSY peaks at the chemical
270shifts of the new signals that appeared after the addition of the
271POM and assigned to I1A (δ −9.64, −12.00, and −17.99 ppm)
272is identical with the diffusion coefficient of the species
273characterized with a 31P peak at −13.5 ppm. This result
274indicates that ATP binds to ZrK, since the diffusion of the new
275species, assigned as an intermediate I1A, is significantly slower
276than that of ATP.
277A careful analysis of the diffusion peak of the broad
278resonance at −9.23 ppm, assigned to Pγ of the free ATP,
279showed that this signal has two components along the diffusion
280dimension (Figure S3 in the Supporting Information). The
281diffusion coefficient of the first component is identical with
282those of the free ATP. The second component has a lower
283diffusion coefficient of 3.24 × 10−10 m2 s−1, which however is
284higher in comparison to the diffusion coefficient of the POM.
285We suggest that this component most probably represents the
286ATP involved in the less stable intermediate I1B, which exists
287in a dynamic equilibrium with the free ATP. In this case its
288apparent diffusion coefficient will be a population-weighted
289average of the ATP diffusion coefficients in the bound and free
Figure 4. 31P DOSY NMR spectrum (A) and 31P EXSY NMR spectrum (B) of 20.0 mM of ATP in the presence of 3.0 mM of ZrK 2:2 after
adjusting to pD 6.4 with no heating.
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290 states. This suggestion also explains the observed broadening of
291 the ATP signals upon addition of the POM resulting from the
292 exchange process and the partial overlap of the ATP and I1B
293 resonances. Figure S3 shows the expanded areas of the
294 spectrum of the reaction mixture, where the presence of
295 additional low-intensity signals partially overlapping with the
296 main ATP resonances is clearly seen. The relatively high value
297 of the diffusion coefficient of I1B and the very small chemical
298 shift differences of the signals of free ATP and I1B complex
299 indicate that the equilibrium is shifted toward the free ATP due
300 to the low stability of intermediate I1B.
301 The presence of a dynamic equilibrium between ATP and
302 the intermediates I1A and I1B was further investigated by 31P
303 EXSY NMR. Figure 4B shows the 31P EXSY spectrum of a
304 mixture of 20.0 mM of ATP and 3.0 mM of ZrK 2:2, where the
305 exchange cross-peaks originating from a slow exchange between
306 ATP and the more stable intermediate I1A are clearly seen.
307 Due to the partial overlap of ATP and I1B signals the cross-
308 peaks between these species are not detectable.
309 After incubation of the sample for 3 days at 50 °C, the
310 appearance of new signals in addition to those of ATP and I1
311 was detected (Figure 3d). The singlets at 2.24 and 1.14 ppm
312 were assigned to the reaction products AMP and P,
313 respectively, while the two broad doublets at −9.26 and
314 −10.36 ppm, which are partially overlapped with the signals of
315 Pγ and Pα of the unreacted ATP, were assigned to ADP by
316 comparison with the 31P spectra of pure AMP, P, and ADP
317 (Figures S4−S6 in the Supporting Information). The broad
318 resonance at around −8.94 ppm originates from free PP formed
319 as a reaction product following pathway B, while the low-
320 intensity signal at around −7.25 ppm was assigned to I5,
321 representing the complex between the ZrK and the PP, as
322 demonstrated by comparison with the reference spectra of pure
323 PP and of PP in the presence of ZrK 2:2 (Figure S7 in the
324 Supporting Information). In addition, two doublets with very
325 low intensity at −7.65 and −11.20 ppm were also observed. We
326 suggest that these signals originate from intermediate I2,
327 representing a complex between ADP and ZrK. The 31P DOSY
f5 328 NMR spectrum in Figure 5 provides further evidence for the
329 appearance of AMP, P, and I5. We can see from Figure 5 that P
330 is the smallest species, represented by the highest diffusion
331 coefficient of 7.59 × 10−10 m2 s−1. The second species with the
332 diffusion coefficient of 4.67 × 10−10 m2 s−1 was assigned as
333 AMP. The diffusion coefficient measured at the chemical shift
334 of the signal assigned to I5 (2.67 × 10−10 m2 s−1) is similar to
335 the diffusion coefficient of the ZrK and the I1A, thus
336 confirming that this resonance originates from the complex
337 between PP and ZrK. Due to the much larger molecular weight
338 of the POM the diffusion coefficients of all intermediates are
339 dominated by the POM diffusion coefficient. Unfortunately,
340 due to partial overlap of the ADP signals with the resonances of
341 Pγ and Pα of the nonreacted ATP, a precise determination of
342 the ADP diffusion coefficient in this reaction mixture is
343 hampered. The simultaneous presence of ADP, AMP, P, and
344 PP in the reaction mixture indicates that the two pathways
345 shown in Scheme 1 for the hydrolysis of ATP in the presence of
346 ZrK 2:2 proceed in parallel.
347 With the advancement of the reaction after heating for 20
348 days at 50 °C (Figure 3e), the signals of ATP almost disappear,
349 while the intensity of I1A resonances significantly decreased. In
350 parallel to that, the intensity of the resonances assigned to ADP,
351 PP, AMP, and P as well as I5 and I2 complexes increased
352 (Figure 3e). The appearance of a new set of signals at −13.98
353and −14.04 ppm characteristic for ZrK 1:2 showed that at this
354stage of the reaction ZrK 2:2 has partially converted into its less
355reactive form.
356After incubation of the reaction mixture for 27 days at 50 °C,
357ATP and I1 completely disappeared and their signals were no
358longer observed in the 31P spectrum (Figure 3f). At this stage of
359the reaction the two doublets at −9.26 and −10.36 ppm
360assigned to free ADP as well as the pair of doublets of the
361intermediate I2 between ADP and ZrK at −7.65 and −11.20
362ppm were clearly seen. The longer incubation time resulted also
363in an increase in the amount of I5 (the complex between PP
364and ZrK) in the reaction mixture, as evidenced by the higher
365intensity of the signal at −7.25 ppm in comparison to its
366intensity after 3 days of heating at 50 °C (Figure 3d). During
367the course of the reaction the intensity of ADP increased,
368reaching a maximum after 7 days, and then gradually decreased
369(Figure 3 and Figure S2 in the Supporting Information). The
370disappearance of ATP and I1 and the higher signal intensity of
371ADP and I2 at this stage of the reaction allowed better
372resolution and sensitivity in the 31P DOSY spectrum of the
373 f6reaction mixture (Figure 6), which gave further evidence for the
374formation of ADP and I2. The results show that the diffusion
375coefficient (2.75 × 10−10 m2 s−1) of the species at δ −7.65 and
376−11.20 ppm assigned as I2 is lower than that (4.63 × 10−10 m2
377s−1) of the species at δ −9.26 and −10.36 ppm assigned as
378ADP. The data are in full agreement with the chemical shifts
379and diffusion coefficients determined in a comparative study of
380a mixture of 20.0 mM ADP and 3.0 mM ZrK 2:2 (Figure S6 in
381the Supporting Information). The chemical shifts and the
382diffusion coefficients of the various species observed during the
383 t1course of the reaction are summarized in Table 1.
384The slow exchange between ADP and I2 in this reaction
385 f7mixture was observed by 31P EXSY NMR. Figure 7 shows the
386expanded 31P EXSY spectrum in the region from −6 to −15
387ppm, where the exchange cross-peaks between ADP and I2 are
388clearly seen. The full 31P EXSY NMR spectra of the reaction
Figure 5. 31P DOSY NMR spectrum of 20.0 mM of ATP in the
presence of 3.0 mM of ZrK 2:2 after 3 days at 6.4 and 50 °C.
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389 mixture measured after heating at 50 °C for 20 and 27 days,
390 respectively, are given in Figures S8 and S9 in the Supporting
391 Information. Both spectra have similar cross-peak patterns.
392 Figure S2 in the Supporting Information shows that upon
393 further incubation at 50 °C the signals of ADP and I2 gradually
394 decreased and disappeared after 54 days (Figure 3g). In parallel
395 to that, the intensity of P and AMP signals increased during the
396 course of the reaction. After 54 days the only components
397 present in the mixture are the reaction products P and AMP as
398 well as I5. Upon further heating the intensity of I5 slowly
399 decreased, indicating that I5 slowly converted into P. The slow
400 conversion of I5 to P can be explained by the fact that the PP
401 linkage in I5 is probably stabilized by the ZrIV ion of ZrK.34
402 The analysis of 31P spectra in Figure 3 showed that no signals
403 indicative of the presence of I3 and I4 intermediates could be
404 found. We suggest that, since AMP is an unactivated phosphate
405monoester due to the absence of an leaving group such as p-
406nitrophenyl, it is much more resistant to hydrolysis.35 With the
407aim of providing more information about the interaction
408between AMP and ZrK 2:2, we recorded 31P NMR spectra of a
409mixture of 20.0 mM AMP and 3.0 mM ZrK 2:2 in D2O at pD
4106.4 after pD adjustment and after different time increments at
41150 °C (Figure S4 in the Supporting Information). The results
412show that immediately after mixing three new resonances
413appeared at −2.79, −13.20, and −13.28 ppm. We suggest that
414the new resonances originate from a complex between AMP
415and ZrK (I3). We suggest that the peak at −2.79 ppm and one
416of the two peaks at around −13 ppm originate from the AMP/
417ZrK complex I3, while the other peak at around −13 ppm is
418eventually from the free ZrK. The intensity of these signals
419gradually decreased when the incubation time increased, and
420they completely disappear after 6 days at 50 °C, suggesting that
421complex I3 was not stable and disintegrates back to AMP and
422ZrK, which further converts to ZrK 1:2, as evidenced by the
423two characteristic new peaks at −13.98 and −14.04 ppm.
424Unfortunately, due to the very low intensity of I3 and ZrK it
425was not possible to measure 31P DOSY and 31P EXSY spectra
426of this mixture. In addition to the observed new signals in the
427presence of 3.0 mM of ZrK 2:2 the peak of the free AMP was
428shifted upfield by 0.20 ppm and its half-width increased to
42917.32 Hz. Both the change in chemical shift and the line
430broadening of the signal of the free AMP indicated that it is
431involved in dynamic equilibrium with the I3 complex. In a high
432excess of the AMP substrate this equilibrium is shifted toward
433the free AMP, as evidenced by the disappearance of the
434resonances of I3 after 6 days. After 6 days of heating at 50 °C,
435the signal of AMP was still very stable, suggesting that AMP
436was not hydrolyzed.
437Similarly, the potential formation of the complex I4 between
438P and ZrK was confirmed by comparative studies of a mixture
439of 20.0 mM Na2HPO4 and 3.0 mM ZrK 2:2 (Figure S5 in the
440Supporting Information). In addition to the resonances of free
441phosphate (1.14 ppm) and ZrK 2:2 (−12.89 ppm), the 31P
442spectrum of this mixture shows two weak signals at −2.32 and
Figure 6. 31P DOSY NMR spectrum of 20.0 mM of ATP in the
presence of 3.0 mM of ZrK 2:2 after 27 days at pD 6.4 and 50 °C.
Table 1. Chemical Shifts and Diffusion Coefficients of the
Various Species Observed during ATP Hydrolysis in the
Presence of ZrK 2:2
species chem shift (ppm) diffusion coeff (m2 s‑1)
ATP −9.23, −10.53, −22.13 4.37 × 10−10 (±5.82 × 10−13)
I1A −9.64, −12.00, −17.99 2.69 × 10−10 (±2.78 × 10−12)
I1B −9.23 3.24 × 10−10 (±3.87 × 10−12)
ADP −9.26, −10.36 4.63 × 10−10 (±7.49 × 10−13)
I2 −7.65, −11.20 2.75 × 10−10 (±4.25 × 10−12)
AMP 2.24 4.67 × 10−10 (±3.87 × 10−13)
P 1.14 7.59 × 10−10 (±1.23 × 10−13)
I5 −7.25 2.67 × 10−10 (±8.56 × 10−12)
ZrK 1:1 −13.5 2.69 × 10−10 (±6.33 × 10−12)
Figure 7. 31P EXSY NMR spectrum of 20.0 mM ATP in the presence
of 3.0 mM ZrK 2:2 after 27 days at pD 6.4 and 50 °C.
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443 −13.28 ppm (Figure S5b). We suggest that these signals
444 originate from the I4 complex and correspond to the
445 phosphorus atom of the phosphate (−2.32 ppm) and of the
446 ZrK (−13.28 ppm) involved in the I4 complex. These signals
447 completely disappear after 4 days at 50 °C, suggesting that
448 similarly to I3 this complex is not very stable and in excess
449 Na2HPO4 it disintegrates to P and ZrK 1:2, as evidenced by the
450 two characteristic new peaks at −13.98 and −14.04 ppm
451 (Figure S5c). These results are in agreement with the
452 observations in the comparative study of a 20.0 mM AMP
453 and 3.0 mM ZrK 2:2 reaction mixture, where the excess AMP
454 favored the release of free substrate from I3. To further assess
455 the influence of sample composition on the stability of I4, we
456 investigated an equimolar mixture of 6.0 mM Na2HPO4 and 6.0
457 mM ZrK 2:2. The 31P spectrum (Figure S5d) shows that in this
458 case the equilibrium is shifted toward the I4 complex, as
459 evidenced by a higher intensity of I4 signals in comparison to
460 the signals of free P and ZrK 2:2.
461 The observations based on the comparative studies of AMP/
462 ZrK 2:2 and Na2HPO4/ZrK 2:2 mixtures described above
463 could explain why I3 and I4 were not observed during the ATP
464 hydrolysis, as evidenced by the lack of signals at −2.79 ppm
465 (I3) and −2.32 ppm (I4) in the 31P spectra of the 20.0 mM
466 ATP and 3.0 mM ZrK 2:2 reaction mixture (Figure 3). Under
467 the reaction conditions their analytical concentration is very
468 low, since they quickly convert to AMP and P, as demonstrated
469 by the comparative studies of AMP/ZrK 2:2 and Na2HPO4/
470 ZrK 2:2 mixtures.
471 The percentage of each species formed during the ATP
472 hydrolysis in the presence of ZrK 2:2 was determined by
473 integration of its respective 31P signal(s) and plotted as a
f8 474 function of reaction time (Figure 8).
475 Proposed Mechanism. On the basis of the above results, a
476 detailed mechanism of ATP hydrolysis in the presence of ZrK
s2 477 2:2 is proposed in Scheme 2.21,22,29 As mentioned above under
478 these reaction conditions, there is an equilibrium among ZrK
479 2:2, ZrK 1:1, and/or ZrK 1:2. ATP coordination to ZrK 1:2 is
480 not expected, since the Zr atom in ZrK 1:2 is coordinatively
481 saturated and hardly accessible to the bulky ATP ligand. ZrK
4821:1 is more catalytically active in comparison to ZrK 2:2, since
483its ZrIV ion has more coordinated water molecules that can be
484replaced by the substrate or that can act as a nucleophile.
485Therefore, we proposed that in this study ZrK 1:1 is also the
486most active species and it is responsible for substrate
487phosphoanhydride bond hydrolysis. When ATP is added to a
488ZrK 2:2 solution under the same reaction conditions, ZrK 1:1
489coordinates to the oxygen atom of a terminal and intermediate
490phosphate group of ATP, forming intermediates I1A and I1B,
491respectively. The coordination of ZrK 1:1 to Pγ is favored, since
492it is suggested to have the catalytic function of stabilizing the
493development of negative charge on the γ-phosphoryl oxygen of
494ATP.33,36 This coordination results in more positive charge at
495the Pγ atom, thus activating it toward nucleophilic attack. In I1A
496the OH group or the coordinated water of ZrK 1:1 can play the
497role of a nucleophile, attacking the phosphorus atom and
498leading to P−O bond cleavage and formation of I4 and ADP
499following pathway A. In the next reaction step along this
500pathway ADP binds to ZrK 1:1 in a similar way, forming
501intermediate I2. The intramolecular attack of the OH group of
502ZrK 1:1 to the phosphorus atom also leads to P−O bond
503cleavage, resulting in the reaction products AMP and P. The
504parallel hydrolytic pathway B also occurs, where ZrK 1:1
505interacts with the Pβ phosphorus atom of ATP in an identical
506way, forming the intermediate I1B and then leading to the
507formation of I5 and AMP. The formation of intermediates I3
508and I4 is also possible; however, they are not stable under the
509reaction conditions since the excess of AMP and P, whose
510concentration constantly increases during the reaction, favors
511their conversion back to AMP and P.
512In general ZrK 1:1 can bind to the phosphate group of the
513ATP substrate in a mono- or bidentate fashion. In our prevoius
514study on the phosphoester bond hydrolysis in BNNP,
515promoted by ZrK 2:2, we demostrated by DFT calculations
516that the monodentate BNPP/ZrK 1:1 complex is more
517favorable.22 The hydrolysis of the first phosphoester bond in
518BNPP results in the formation of NPP, which further interacts
519with ZrK 1:1. 31P EXSY NMR spectra showed that the
520bidentate NPP/POM complex exists in a dynamic equilibrium
521with the monobound and free NPP. We suggest that ATP
522interacts with ZrK 1:1 in an identical way, resulting in both
523mono- and bidentate coordination of the substrate to ZrK 1:1.
524Unfortunately in this case the NMR data do not give sufficient
525evidence to fully elucidate the type of the binding mode, since
526apart from the broad resonance at −9.23 ppm for the I1B
527which is however overlapped by the signal of Pγ of the free
528ATP, we obseved only one set of NMR signals for the other
529phosphorus atoms from the phosphoester chain in both bound
530species. The reason could be the fast interconversion between
531the two types of coordination modes with respect to the NMR
532chemical shift time scale, resulting in one averaged set of
533resonances.
534During the course of ATP hydrolysis, no signal of
535triphosphate (PPP, Figure 1) is detected, meaning that ATP
536cannot be immediately hydrolyzed at Pα to PPP, most probably
537due to the steric hindrance of the adenosine residue attached to
538Pα.
539The proposed complex reaction mechanism of ATP
540hydrolysis in the presence of ZrK 2:2 was further supported
541by a comparative study of the interaction of ZrK 2:2 with ADP,
542AMP, PP, and P used as substrates. This strategy facilitated the
543analysis of the otherwise complex spectral patterns of ATP/ZrK
544mixtures and allowed us to unequivocally assign all the reaction
Figure 8. Percentage of all species (ATP, I1A, ADP, I2, I5, AMP, and
P) formed during the course of the reaction as a function of reaction
time for the reaction between 20.0 mM of ATP and 3.0 mM of ZrK
2:2 at pD 6.4 and 50 °C.
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545 products and intermediates. The chemical shift fingerprint of
546 the new species observed during the hydrolysis of ATP with
547 those identified in the comparative reaction mixtures confirmed
548 that the reaction proceeds through the proposed reaction steps
549 and pathways. The 31P spectra of the comparative mixtures are
550 presented and described in detail in Figures S4−S7 and S10−
551 S12 in the Supporting Information.
552 Kinetic Study. The full assignment of all species that occur
553 during the course of ATP hydrolysis in the presence of ZrK 2:2
554 facilitated a kinetic study. In order to evaluate the reactivity of
555 ZrK 2:2 toward ATP hydrolysis, the observed rate constants of
556 ATP (20.0 mM) hydrolysis in the presence of 3.0 mM ZrK 2:2
557 at pD 6.4 and 50 °C were determined. Since the hydrolysis of
558 ATP in the presence of ZrK 2:2 is complicated due to the
559 formation of several intermediates and products, the calculation
560 of the rate constant of the hydrolysis was simplified by focusing
561 on the disappearance of both ATP and stable intermediate I1A
562 signals. The first-order rate constants were calculated from the
563 simple expression −d[ATP]t/dt = kobs[ATP]t, where [ATP]t
564 represents the total concentration of all forms of ATP,
565 including nonreacted ATP and ATP, in the intermediate
566 (I1A).17 Integration of the ATP and I1A 31P NMR
567 spectroscopic resonances (Figure S2 in the Supporting
568 Information and Figure 8) at different time increments allowed
569 the calculation of the ATP hydrolysis rate constant. A linear
570 fitting method (ln[ATP] = kobst + ln[ATP]0; Figure S13 in the
571 Supporting Information), where [ATP] = [ATP]nonreacted + [I1]
572 is the concentration of the ATP at time t, was used. The
573 hydrolysis rate constant for ATP hydrolysis was calculated to be
574 (1.97 ± 0.17) × 10−6 s−1 at pD 6.4 and 50 °C. We expected the
575 rate constant of ATP hydrolysis promoted by the Zr4+ salt
576 ZrCl2O·8H2O to be slower than that promoted by ZrK 2:2.
577 Unfortunately, a comparison of these rate constants was
578 impossible because the activity of Zr4+ in the absence of ligands
579 could not be determined due to the formation of precipitates.37
580 However, our previous study showed that, under the same
581conditions (pD 6.4 and 50 °C), the rate constant of HPNP
582hydrolysis promoted by ZrCl2O·8H2O is 40-fold slower than
583that promoted by ZrK 2:2 due to the formation of insoluble
584ZrIV hydroxyl polymeric gels.29
585To observe the influence of catalyst concentration on the
586observed rate constant, as well as its influence on the different
587intermediates formed in the course of hydrolytic reaction, the
588rate constant of 3.0 mM ATP hydrolysis was measured in the
589presence of 3.0 mM ZrK 2:2 at pD 6.4 and 50 °C. 31P NMR
590spectra were recorded at different time intervals (Figure S14 in
591the Supporting Information). As can be seen from Figure S14,
592under these conditions no free ATP resonances were seen, but
593the resonances of I1 (−9.64, −12.00, −17.99 ppm) were clearly
594detected, suggesting that ATP completely converted into I1A.
595In addition, the signal of free ZrK 2:2 at −12.89 ppm and of
596ZrK at −13.5 ppm appeared simultaneously after pD
597adjustment. Integration of the I1 31P resonances at different
598time increments allowed the calculation of the ATP hydrolysis
599rate constant. A linear fitting method (ln[ATP] = kobst +
600ln[ATP]0) (Figure S15 in the Supporting Information), where
601[ATP] = [I1] is the concentration of the ATP at time t, was
602used and the rate constant for ATP hydrolysis was calculated to
603be (1.04 ± 0.11) × 10−5 s−1.
604The results from the kinetic experiments imply that the
605relative ratio of the substrate and the POM influences the rate
606of the ATP hydrolysis and the type of intermediates formed
607during the course of the reaction. This finding is important in
608view of the eventual practical applications of POMs as artificial
609phosphatases, since it demonstrates that it is possible to control
610the reaction rate by careful tuning of sample composition.
611■ CONCLUSION
612In this study we have proposed a detailed mechanism for ATP
613hydrolysis in the presence of ZrK 2:2 elucidated by 31P, 31P
614DOSY, and 31P EXSY NMR spectroscopy. The results clearly
Scheme 2. Proposed Reaction Mechanism for the Hydrolysis of ATP by ZrK 2:2a
aIn this scheme, A in all compounds represents a ribose sugar and a nucleoside base adenosine part.
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615 demonstrate that 31P DOSY NMR is a powerful technique to
616 determine in situ the presence of reaction intermediates (I1A,
617 I1B, I2, and I5) and products (ADP, AMP, P) formed during
618 the course of ATP hydrolysis. In addition, 31P EXSY NMR has
619 been proven to be a very useful technique to identify the
620 presence of slow exchange between the intermediates and the
621 reaction products (ATP, I1A and I1B; ADP, I2; PP, I5) and to
622 follow the reaction pathway. The assignment of all species that
623 occurred during ATP hydrolysis promoted by this POM
624 allowed calculation of the rate constants. The present study
625 further demonstrates the potential of ZrIV-substituted POMs as
626 artificial phosphatases15,21,22,29 and contributes to the further
627 development of POMs as Lewis acid catalysts for the hydrolysis
628 of biomolecules.38−40 Understanding the detailed mechanism in
629 this study encourages us to further exploit the hydrolytic
630 activity of this POM toward biologically active molecules such
631 as DNA/RNA fragments, pesticides (paraoxon, parathion), and
632 nerve agents (soman, sarin).
633 ■ EXPERIMENTAL SECTION
634 Materials. The binuclear ZrIV-substituted Keggin POMs
635 (Et2NH2)8[{α-PW11O39Zr(μ-OH)(H2O)}2]·7H2O
41,42 (ZrK 2:2)
636 and (Et2NH2)10[Zr(PW11O39)2]·7H2O (ZrK 1:2)
43 were synthesized
637 as described in the literature. Adenosine triphosphate (ATP),
638 adenosine diphosphate (ADP), adenosine monophosphate (AMP),
639 sodium pyrophosphate (PP), Na2HPO4 (P), ribose phosphate,
640 adenine, adenosine, DCl, and NaOD were purchased from Acros
641 and used without any further purification.
642 Sample Preparation. Solutions containing 20.0 mM of each
643 compound ATP, ADP, AMP, PP, and Na2HPO4 and 3.0 mM of ZrK
644 2:2 were prepared in D2O for the interaction study. An additional
645 solution containing 3.0 mM ATP and 3.0 mM ZrK 2:2 was prepared in
646 D2O for the kinetic study. The final pD of the solution was adjusted
647 with minor amounts of concentrated DCl (10%) and NaOD (15%).
648 The pH meter value was corrected by using the equation: pD = (pH
649 meter reading) + 0.41.44
650 NMR Measurements. 31P 1D NMR spectra were recorded on a
651 Bruker Avance 400 spectrometer. Trimethyl phosphate was used as
652 the 31P chemical shift external reference. The 31P DOSY and EXSY
653 spectra were measured on a Bruker Avance II+ 600 NMR
654 spectrometer using a 5 mm direct detection dual broad band probe,
655 with a gradient coil delivering a maximum gradient strength of 53 G/
656 cm. All experiments were performed at a temperature of 298 K. The
657 2D EXSY spectra were recorded with the Bruker program noesygpph.
658 The spectra were recorded with a spectral width of 25000 Hz, 2 K data
659 points in the t2 time domain and 256 t1 increments with 64 transients
660 each, and a relaxation delay of 3 s. The spectra were recorded for each
661 sample with two different mixing times of 300 and 400 ms. A sine
662 window function (ssb = 2) and zero-filling were applied in both
663 dimensions prior to Fourier transformation, to give a 4K × 4K data
664 matrix in the frequency domain. The 31P DOSY spectra were
665 measured using a stimulated echo based pulse sequence, with bipolar
666 sine shaped gradient pulses. The spectra were acquired with 64K time
667 domain data points in the t2 dimension, 32 gradient strength
668 increments, a diffusion delay of 200 ms, a total gradient pulse length of
669 7 ms, 128 transients for each gradient step, and a relaxation delay of 6
670 ms. The gradient strength was incremented from 2 to 80% of the
671 maximum gradient output (from 0.68 to 27.25 G/cm). The spectra
672 were processed with an exponential window function (line broadening
673 factor 5), 64K data points in F2, and 258 data points in the diffusion
674 dimension. The evaluation of the diffusion coefficients was performed
675 by fitting the diffusion profile (the normalized signal intensity as a
676 function of the gradient strength G) at the chemical shift of each signal
677 in the DOSY spectrum with an exponential function using a variant of
678 the Stejskal−Tanner equation adapted to the particular pulse sequence
679 used.
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